The effect of selected organic pigments on the supermolecular structure of isotactic polypropylene (IPP) fibre has been investigated. For the present work, three organic pigments of different molecular and supermolecular constitution were selected. Undrawn fibres with a minimal technological degree of drawing and fibres at draw ratios of 2, 4 and 5 were examined. The supermolecular structure was explored using small-angle X-ray scattering (SAXS). From the SAXS patterns the one-dimensional intensity function and the correlation function were determined. The parameters characterizing the supermolecular structure of the fibre, i.e. long period and invariant, were assessed. It was found that a lamellar structure develops during fibre formation. A regular lamellar structure is formed irrespective of the presence of pigments. On drawing fibres the high regularity of the lamellar structure decreases. In the drawing process the pigments are at the origin of micropore formation.
I. Introduction
While forming IPP fibres, on cooling a stream of molten polymer, macromolecules undergo orientation and crystallization concomitant with the development of the fibre superstructure. Particles of pigment are added to the polymer melt and affect the process of crystallization and orientation. Binsbergen (1970 Binsbergen ( , 1973 , Beck & Ledbetter (1965) , Wtochowicz & Eder (1989) and many other authors have found that some substances, introduced into unoriented and crystallizing polypropylene, are nucleating agents which affect the kinetics of crystallization as well as the morphology of crystalline regions.
The orientation of the crystallizing polymer melt results in a multiple increase in the crystallization rate, so the crystallization rate for oriented systems is 10 ~° to 103o times higher than for unoriented systems.
The influence of foreign particles on the kinetics of crystallization and morphology of crystalline regions 0021-8898/91/050715-06503.00 during the crystallization from the oriented melt of the polymer is so far not clear. The purpose of the present paper is to assess the effect of pigments on the structure of IPP fibres under conditions of high orientation on forming and drawing fibres.
The SAXS technique was used to explore the structure. During the last 20 years the SAXS technique has been applied to investigate the supermolecular structure of polypropylene. The papers of Samuels (1968) , Zubov, Konstantinopolskaya, Selikhova, Korobko, Sokolsky, Trifonov, Kryukov & Kargin (1971) , Petermann & Schultz (1978) and Schultz, Lin, Hendricks, Petermann & Gohil (1981) refer to the use of SAXS for IPP films, while those of Nadella, Spruiell & White (1978) , Noether (1979 ), Nurul Huda, Bauer, Dragaun & Skalicky (1984 and Marcian (1988) deal with IPP fibres.
Object of investigations
The investigations were carried out for polypropylene fibres coloured with three selected organic pigments. The IPP used in this study was a commercial grade supplied by Zaktady Petrochemiczne, Ptock, Poland, under reference F-401. Its main molecular characteristics are: molecular weight M,, = 4.9 × 105, melting point 7",,--441 K.
Three selected pigments, with the required heat resistance, were used. Selected pigments differ in their molecular and supermolecular structure. The chemical formulae of the pigments used are presented in Table 1 .
For each pigment, three series of fibres were produced with different pigment concentrations. The fibres were formed from the melt under laboratory conditions with the aid of a Brabender extruder and were allowed to cool to room temperature. The fibres were coloured by mixing powdered pigment and granulated polymer just before pouring into the extruder bin. The structural investigations were carried out for the undrawn fibres and for the fibres drawn two, four and five times. The raw fibres were drawn at a temperature of 373 K in the heating chamber of the Instron tensile tester. 
Pigment
The crystallinity of fibres was determined from wide-angle X-ray scattering (WAXS) measurements. For the colourless undrawn fibres and for the fibres coloured with phthalocyanine blue and Lake Red, the degree of crystallinity amounts to 0.65. For the undrawn fibres containing 0.5 and 2% Pigment Orange, the degree of crystallinity is about 15% lower than for colourless fibres.
For both coloured and pigment-free drawn fibres, at draw ratios 2 and 4, the degree of crystallinity is lower and ranges from 0.55 to 0.6. For fibres drawn at the ratio 5, the crystallinity increases and has values ranging between 0.65 and 0.75.
More information concerning the changes of the crystallinity of the fibres on drawing can be found in a forthcoming paper (Wtochowicz & Broda, 1991) .
Methods of measurement
The WAXS investigations were carried out using an HZG-4 diffractometer. The WAXS patterns were registered for powdered samples in the range 5-35 ~. The patterns were analysed by the Hindeleh & Johnson (1971) method. The theoretical curve was constructed as a sum of seven crystalline peaks, the peak corresponding to radiation scattered by amorphous regions and the background scattering curve. Each peak was represented by four parameters: peak height, peak width at half height, peak angular position and the profile function parameter. All the parameters were found by minimization of the function s= ~ (I,,-Ie) 2,
i=l where lc is the calculated scattering intensity, Ie is the experimental scattering intensity and n is the number of intensity data.
The minimization procedure was completed according to Rosenbrock & Storey (1966) .
The degree of crystallinity was determined as a ratio of the area under crystalline peaks to the total area under the complete X-ray diffraction trace.
The SAXS investigations were carried out using a Rigaku-Denki SAXS X-ray diffractometer. Cu Ka radiation was monochromatized with the aid of an Ni filter and pulse-height discrimination. Air scattering was suppressed by placing a vacuum path between the sample and the scintillation counter. A four-slit collimation system was used. The X-ray patterns were desmeared by means of the computer program of Vonk (1971 Vonk ( , 1975 and weighting functions were determined according to the method of Hendricks & Schmidt (1967 , 1973 . The X-ray patterns were registered in the step-scanning mode in two angular ranges: 0.09-2.5 ~ with a step size of 0.02 ~ and 2.5--3.5 ~~ with a step size of 0.05 ~.
From the X-ray patterns the one-dimensional intensity function and the correlation function were determined. The one-dimensional correlation function was determined according to Vonk & Kortleve (1967) by the equation
where s is the scattering vector and I(s) is the registered intensity of scattered X-rays. The parameters which characterize the supermolecular structure, i.e. the long period and invariant, were assessed. The invariant was calculated from (3) (see below) by means of the Vonk computer program using an indirect measurement of the primary-beam intensity with the aid of a Lupolen plate, according to Kratky, Piltz & Schmidt (1966) :
(3)
Results of the investigations

Desmeared scattering curve
The desmeared intensity distribution of undrawn fibres, both coloured and colourless, are characterized by a strong maximum (Fig. 1) . The angular position of the maximum is the same for all undrawn fibres, i.e. 20 = 0.67 °. In addition to the strong maximum, a secondary reflection is observed.
The intensity of reflection decreases rapidly in the case of drawn fibres. Moreover, the reflection is broader and it is shifted towards smaller angles. The observed changes become more pronounced with increasing degree of drawing and their rate depends on the presence of pigments. For the colourless fibres, with draw ratio 2, the maximum in the desmeared scattering curve is weak and diffuse and its (a) position cannot be determined precisely. At a draw ratio 4 only an inflexion is visible in the desmeared curve. At a draw ratio 5 the inflexion disappears and the pattern has the shape of a smoothly decreasing curve with no characteristic points. For coloured fibres the changes described occur at lower degrees of drawing. For most of the coloured fibres the maximum disappears at draw ratio 4 and in some cases at draw ratio 2. The intensity of the first-order maximum as well as the presence of a secondary reflection for the undrawn fibres are evidence of a very high regularity for the lamellar structure (Fig. 2a) .
The shift of the reflection towards lower angles and the decrease in its intensity for the drawn fibres result from changes occurring in the structure of the fibre (Fig. 2b) . When fibres are drawn, the intercrystalline amorphous regions in the fibrillar structure are displaced and the mean thickness of the amorphous region is increased resulting in the increase of the long period. Since each amorphous region contains a different number of macromolecules it is shifted to a different distance and, according to Slutsker (1987) , a broadening and reduction of the reflection is observed. At higher drawing, the dispersion of long period is increased and this results in reduction of the reflection to such an extent that it is no longer observed.
One-dimensional intensity function
The one-dimensional intensity function of the undrawn fibres is characterized by a very strong maximum. For all undrawn fibres, irrespective of the presence of pigments, the maximum is of similar intensity and at the same angular position. In addition to the maximum, a secondary reflection occurs in the curve. The secondary reflection is clearly separated and of relatively high intensity.
~i Li i I \ (a) In the case of drawn fibres the maximum in the one-dimensional intensity function is lowered and shifted to smaller angles (Fig. 3) . For fibres at draw ratios 2 and 4 the maximum is clearly separated and its angular position can be determined. Apart from the strong maximum a weak secondary reflection is observed.
For fibres at draw ratio 5 the reflection is even weaker and its position can be determined only for colourless fibres and fibres coloured with Lake Red 0.5%. For other fibres the decrease in intensity is so large that only a slight inflexion is seen in the curve.
The presence of gradually weaker reflections in the one-dimensional intensity function of drawn fibres reveals that the regularity of the fibre lamellar structure decreases on drawing the fibres.
Correlation function
The correlation function of all undrawn fibres has a shape characteristic of a lamellar system (Fig. 4) . The shape of the function is an additional argument for the high regularity of the lamellar structure formed.
For drawn fibres the shape of the correlation function is changed and in the case of drawn fibres, with draw ratio 2 and 4, the function exhibits considerably distorted maxima and minima. For the fibres with high draw ratios, the correlation function has no maximum and has the shape of a smooth curve.
Long period
The value of the long period was determined on the basis of the maximum position in the desmeared curve, one-dimensional intensity function and correlation function. The values determined on the basis of the maximum position in the one-dimensional intensity function are listed in Table 2 .
In the table colourless fibres are designated by the symbol ppo, the fibres dyed with Pigment Orange by ppa, with phthalocyanine blue by ppb and with Lake Red by ppc. The next three figures in the index of coloured fibres indicate the content of pigment (0.25, 0.50, 0.75 and 2%) and the last is the draw ratio (2, 4 and 5).
The values determined for undrawn fibres from the one-dimensional intensity function and the correlation function are in agreement and this confirms the high degree of structural regularity.
The presence of pigments does not affect the value of the long period in the case of undrawn fibres; slight differences between values are a result of measuring errors.
For drawn fibres the reflection disappears in the desmeared curves and the course of the correlation functions becomes distorted. The long period can be determined only on the basis of the one-dimensional intensity function.
For all drawn fibres the long period increases with increasing degree of drawing. For fibres coloured with Lake Red the increase in the long period is higher than for colourless fibres. For all other coloured fibres with draw ratio 2 the long periods have the same value, about 5A lower than for colourless fibres. For coloured fibres at higher draw ratios the maximum in the one-dimensional intensity function disappears and the determination of the long period is not possible.
Changes in the long period for coloured fibres seem to be independent of the type of pigment and its concentration.
Invariant
The values of the invariant are presented in Table 2 .
For fibres coloured with 0.25% Pigment Orange, 0.25 and 0.75% phthalocyanine blue as well as 0.5% Lake Red, the invariant values are similar to the value obtained for colourless fibres and close to the theoretical values calculated for the two-phase model, according to
where ~,,, (p~ are the volume fractions of the phases and p,,, p~ are the electron densities of the phases.
For colourless drawn fibres the changes in the invariant are not significant. At draw ratio 2 and 4 the value of the invariant does not change and at draw ratio 5 it is only 30% higher than for undrawn fibers.
For drawn coloured fibres the value of invariant changes considerably, depending on the type of pigment and its concentration.
For drawn fibres coloured with 0-25% Pigment Orange and phthalocyanine blue (all concentrations), the value of the invariant increases several times (five-ten times) in comparison with values for colourless fibres. For fibres coloured with 0.25% Pigment Orange and 0.25% phthalocyanine blue, the invariant increases with increasing degree of drawing. For fibres coloured with 0.5 and 0.75% phthalocyanine blue, the value of the invariant is the same at all draw ratios. For drawn fibres coloured with 0.5 and 2% Pigment Orange, the invariant increment is lower (by 50%) and increases with increasing degree of drawing.
For drawn fibres coloured with Lake Red at 0.25% concentration and draw ratio 5 and at 0-5% concentration and draw ratio 2, the invariant increases by a factor of three. For other fibres coloured with this pigment the invariant values are close to values obtained for colourless fibres.
The changes of the invariant may be a result of changes in the volume fractions of phases, the densities of phases or the thickness of transition layers. In the case of some undrawn and coloured fibres, the increase in the invariant, and the multiple increase for some drawn and coloured fibres, cannot be attributed to changes in the degree of crystallinity or the thickness of transition layers. The observed changes" are greater than those resulting from changes in the degree of crystallinity or in the thickness of transition layers. Even changes in the density of amorphous regions cannot explain such a high increase in invariant. A possible change in the density of amorphous regions should be the same and should cause the same change in the invariant for all drawn fibres. A multiple increase in the invariant cannot be explained by the scattering of X-rays by pigment particles. Pigments are considerably dispersed in the fibres and they are in the same form both in drawn and undrawn fibres. Finally a high increase in the invariant was only observed in drawn fibres.
The increase of the invariant may be explained by the formation of micropores in the fibres. Micropores in drawn polypropylene fibres which did not contain foreign particles were observed by Nurul Huda & co-workers (Nurul Huda, Bauer, Dragaun & Skalicky, 1984; Nurul Huda, Dragaun, Bauer, Muschlik & Skalicky, 1985) . The probability of micropore formation is higher when fibres are drawn in the presence of pigments.
With the micropores in the fibres, a third phase arises. Since the electron density of micropores is pp = 0, the invariant can be expressed by 3-~ ~= ~oo~o~(p~-p.) ~ + ~o.p~ + ~oo¢.p~, (5) where ~0p is the volume fraction of micropores.
According to the proposal of Janosi (1983) , the volume fraction of pores can be calculated with where ~op = ]Zi-p2/pk 2 -KAp 2, (6) P = (Pk --P,,)/Pk = (dk --da)/dk,
K= ~0k/(~0k + ~0a),
A = ~Oa/(~0k + ~0,,).
The volume fraction of pores was calculated for those fibres which were characterized by an invariant considerably higher than the theoretical value from the two-phase model.
The maximal content of micropores, about 1-2%, is in drawn fibres coloured with phthalocyanine blue at higher pigment concentration and Pigment Orange at 0.25% concentration. In other fibres the content of micropores is considerably lower and does not exceed 1%.
Concluding remarks
When polypropylene fibres are formed, a very regular lamellar structure develops. This regular lamellar structure is formed irrespective of the presence of pigments. Pigments which are present in the polymer melt do not cause any changes in the basic structural parameters. For all fibres, both coloured and colourless, the long period and the regularity of the structures formed are the same.
When fibres are drawn the high regularity of the lamellar structure decreases. The long period and its dispersion increase, as does the structural irregularity, with increasing degree of drawing.
The observed increase in structural irregularity during drawing occurs faster for coloured fibres. Changes in the regularity of lamellar structure for coloured fibres occur at lower draw ratios in comparison with colourless fibres. The influence of pigments seems to be random and no clear correlation with the type of pigment and its concentration is observed.
In the fibre material containing pigments, micropores are formed.
